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This review summarizes the published data and own results concerning synergism of antimicrobial
activity of essential oils with antibiotics against bacteria of the family Enterobacteriaceae, genera
Staphylococcus, Pseudomonas, Acinetobacter; with synthetic antifungal drug fluconazole, against yeast
genus Candida; with surfactants of microbial origin, against bacterial and yeast test cultures. The
synergistic effect of the complex of essential oils with antibiotics, enzymes, surfactants, etc. on biofilms
was considered as well. Mixing essential oils with other biocides allowed to significantly decrease the
minimum inhibitory concentrations of each component. The probability of emerging resistance to
antibiotics was also reduced in the pathogenic bacteria and yeasts due to the antimicrobial action of
essential oils that caused the dysfunction of cellular membrane of microorganisms. The prospects of
implementing complex essential oils with antibiotic nisin in the food industry, and with other antibiotics
in veterinary medicine are discussed.
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According to recent studies of World
Health Organization (WHO), almost half of
clinical isolates of methicillin resistant strains
of Klebsiella pneumoniae and Staphylococcus
aureus, and of Escherichia coli are
resistant to 3rd generation cephalosporins,
fluoroquinolones and carbapenems [1].
Likewise, the resistance of representatives of
the genus Candida is increasingly reported
against fluconazole (983% ), amphotericin B
(35%) and echinocandins (7%) [2]. Those
pathogens annually cause illnesses of
nearly 700 thousand people worldwide, and
according to some experts those numbers may
reach 10 billion as early as 2050 [3].

Reducing the number of antibiotic-
resistant microorganisms can be achieved
by using alternative compounds of natu-
ral origin, such as bacteriocins, micro-
bial peptides, surfactants (SA) [4, 5]
and essential oils (EO) [6—8]. The latter

contain aldehydes, alcohols and phenolic
compounds and thus are effective anti-
microbial agents. That is why EO can be
used instead of antibiotics and synthetic
compounds in the cosmetic, food and
pharmaceutical industries. However, the
minimum inhibitory concentrations (MIC)
of EO are rather high (400-1600 pg/ml)
[6—8], leading to high EO content in the
various products. Simultaneously, EO in
such concentrations are known to cause
severe damage to the central nervous
system, and aspiration pneumonia [9]. The
concentration of EO can be reduced without
affecting their properties if they are used in
combination with other biocides.

The present review is aimed to analyze
and summarize the published data on the
synergic antimicrobial activity of essential
oils and other antimicrobial compounds, and
on their synergic activity on biofilms.
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Synergistic antimicrobial activity
of essential oils and antibiotics

First data on using the mixtures of
EO and antibiotics was published in 1978
[10]. Since then, each year new reports are
presented of the synergistic activity of those
antimicrobial compounds [6, 8, 11-17]. There
are several reasons for that. Firstly, the
nature of antimicrobial activity of EO lies in
destabilizing the phospholipid layer of the
cellular membrane, disabling its functions
[18]. Thus, the probability of microbial
resistance to EO is virtually absent. Secondly,
in the presence of EO, antibiotic quickly enters
the microbial cell, preceding the activation
of pathogenic resistance, and therefore is not
ejected or deactivated. That also reduces the
probability of microbial resistance emerging,
and the effective concentration of antibiotic
[11-14]. According to the publications, the
antimicrobial activity of EO depends firstly
on their qualitative content, which changes
seasonally and is not equal in all plant parts
from which EO are obtained [6, 8, 11-17].

It should be noted that in most works,
the pathogens most frequently used as a test
culture to determine antimicrobial activity are
the bacteria of the family Enterobacteriaceae
[6,11-16, 19], the genus Staphylococcus [6, 8,
17] and yeast Candida [20—-23].

They are usually chosen because
enterobacteria are the main agents of
diseases of the gastrointestinal tract and can
contaminate the surfaces of food industry
equipment and medical equipment. That is
why searching for modern antimicrobials that
are effective against members of this family
remains the priority [6, 11-16, 19]. The
bacteria of the genus Staphylococcus also are
well-known pathogens, which cause purulent
inflammation of the skin, bones and organs
in humans and animals, and are characterized
by increased resistance to a wide range of
antibiotics [6, 8, 17]. Therefore, it is important
to look for compounds, alternative to
antibiotics, with high antimicrobial activity,
in particular, against the resistant strains of
Staphylococcus aureus.

Candida yeast is capable of causing serious
infectious diseases (candidiasis), and the
number of drugs for treating such infections
is limited by the rapid appearance of antibiotic-
resistant strains [20—23].

Methods for evaluation of synergism of
antimicrobial action. In most publications
[7, 11-13], antimicrobial activity of EO,
antibiotics and their mixtures was analyzed

by the indexes of minimum inhibitory
concentrations (MIC). The synergism of
antimicrobial activity was assessed by
firstly determining MIC for each compound
separately. MIC of a mixture was determined
using the EO and antibiotic solutions with
concentrations twice lower than MIC of
each monopreparation, with the ratio of
antimicrobial solutions of 1: 1. In one version
of experiment, the concentration of antibiotic
in mixture remained the same, while that of
EO was reduced by serial two-fold dilutions.
Conversely, in another version of experiment,
concentration of EO was the same, and that of
antibiotic was reduced.

In several publications [6-8, 11-14,
17] the synergism of antimicrobial activity
was studied using the fractional inhibitory
concentration index (FIC):

FIC =(CA/MICA) +(CB/MICB),

where: CA, B — concentration of antimicrobial
compound A and B in mixture;

MICA,B — minimum inhibitory con-
centration of antimicrobial compound A and B.

FIC index values <0.5 indicates the
synergistic activity of two antimicrobial
compounds.

Antimicrobial activity of mixture of essential
oils and antibiotics against the representatives
of the family Enterobacteriaceae. Due to the
presence of lipopolysaccharides Gram-negative
bacteria are more resistant to EO than gram-
positive ones which have cell walls more
permeable to phenolic compounds (eugenol,
thymol, carvacrol) and aldehydes (citral,
citronellal, cinnamaldehyde) [24].

In [6], it was found that, for mixtures of
amoxicillin with EO of Mediterranean aster,
antibiotic MIC against the strains of gram-
negative bacteria Enterobacter cloacae,
Salmonella sp. and Escherichia coli were 4—8
times lower than those for each compound
separately (Table 1).

The MIC of neomycin against E. coli was
32 ng/ml, and in the mixture with EO of the
Mediterranean aster it decreased to 8 png/ml.

Fadli et al. [11] established the synergistic
antimicrobial activity of a macrolide antibiotic
pristinamycin and EO of Thymus maroccanus
against the strains of E. cloacae and E. coli.
Using a mixture of pristinamycin with EO lead
to a decrease in the MIC of both antibiotics
and EO. Thus, MIC of EO against the test
cultures were reduced by 4—8 times, and those
of pristinamycin were lower by 2—3 orders of
magnitude compared to the MIC values for
individual compounds (Table 1).
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Table 1. Antibacterial activity of mixture of essential oils
and antibiotics against representatives of the family Enterobacteriaceae

. . MIC of components in
. MIC o MIC o mixture, pg/ml .
Esseptlal Antibiotic Test culture essential | antibiotic, Refe
oil oil, pg/ml| pg/ml | essential rences
’ oil antibiotic | FIC
Enterobacter
cloacae (85/16) | 800 64 - 8 0.13
Cladan- Salmonella sp
thus Amoxicillin ) 400 64 - 16 0.29 [6]
; (S12/14)
arabicus
Escherichia coli
ATCC 25922 800 64 - 8 0.13
Thymus Entfrobacter 349 9250 _ _ 0.5
marocca- | Pristinamycin cioacae [11]
nus Escherichia coli 342 125 - - 0.5
Escherichia coli
ATCC 25922 1560 1.0 390 60 0.31
Gentamicin | EScherichia coli] 4,5, 4.0 780 1.0 0.5 | [12]
) PG19
Satureja
montana Escherichia coli
PG32 1560 1.0 390 0.125 0.37
Chloramphenicol | ggseherichia coli - - - - 0.32 [14]
Tetracycline TEM-1 - - - - 0.21
Lavandula 4% 1024 0.5% 128 | 0.26
R B A 740 v/v)
Piperacillin Escherichia coli
J53 R1 . .
Cinnamon 0.078% 1024 0.02% 256 0.5 [13]
v/v) w/v)
Mentha Escherichia coli 8% 1%
piperita | Meropenem | Uy e MG309 | (v/v) 4 v/v) 0.50 | 0.26
Note: “—” data not present.

Using mixture of EO of Satureja montana
with gentamicin against various strains of
E. coli also lead to lower MIC of antibiotic
and EO [12]. Yap et al. [13] showed that using
mixtures cinnamon and lavender EO with
piperacillin, or meropenem with peppermint
EO against E. coli reduced MIC in 4—8 times.
In that case FIC was lower than 0.5, supporting
the synergistic nature of antimicrobial activity
(Table 1).

Mixture of thyme EO with tetracycline
and chloramphenicol was also shown to have
synergistic activity against E. coli (FIC of 0.32
and 0.21, respectively) [13].

Authors of [15] studied the synergistic
activity of cumin EO and ciprofloxacin
against Shigella flexneri, Gram-negative
bacteria which penetrate the epithelium of

the colon and cause its ulcer. The established
MIC of antibiotic and EO were 0.4 mg/l and
150 nl/1 respectively. Complete inhibition
of S. flexneri growth was observed when a
mixture of cumin EO and ciprofloxacin was
used in concentrations equivalent to their
MIC. Further studies were performed on
experimental rats, and that mixture was
shown to have a synergistic effect, which was
accompanied by a decrease in inflammation
of the mucous membrane and healing in the
epithelial lining of the colons of rats, pre-
infected with S. flexneri.

Talei et al. [16] showed the possibility to
reduce MIC of ciprofloxacin and vancomycin
by 2—4 times (to 0.12-0.16 ng/ml) against the
nosocomial isolates of E. coli in the presence of
ajowan caraway EO. The authors suggest that
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using this mixture in medical practice will
reduce the risk of diseases caused by E. coli,
and prevent the development of resistance of
these microorganisms to known antibiotics.
Notably, in [15, 16] the authors did not
establish a FIC, but only analyzed the decrease
in effective MIC when added essential oils to
the antibiotics.

Another common pathogen that causes severe
nosocomial infectious diseases is Klebsiella
pneumoniae. The multi-resistant K. pneumoniae
strains quickly become tolerant to known
antibiotics, which significantly complicates
the treatment of the relevant diseases. In order
to prevent the development of resistance,
scientists from Egypt [19] investigated the
possible synergism of the antimicrobial activity
of a mixture of ciprofloxacin and peppermint
and cumin EO against different strains of
K. pneumoniae. Adding EO to the antibiotic
(at a concentration equivalent to MIC) was
accompanied by a decrease in the latter’s MIC by
2—4 times (Table 2).

Hence, the data given in Tables 1 and 2
indicate the possibility of reducing both the
concentration of antibiotics and essential
oils in the case of using their mixture as
antimicrobial agents against members of the
family Enterobacteriaceae.

Synergistic antimicrobial activity of
essential oils and antibiotics against the
representatives of the genus Staphylococcus
and other bacteria. In [17] it was established
that using a mixture of the antibiotic

cloxacillin and tea tree EO allowed reducing
the MIC of each of the antimicrobials against
different penicillin-resistant strains of
S. aureus (Table 3). In that case though, FIC
value was > 0.5, thus there was no synergistic
activity of the mixture components. Despite
that the authors claim that combining
cloxacillin with EO allowed reducing the MIC
of antibiotic and preventing the emergence of
resistance to it in the studied pathogen.

Scientists from Brazil [7] have determined
the synergistic antimicrobial activity of
imipenem and fragrant basil EO against the
main pathogens of purulent infections, S.
aureus and Pseudomonas aeruginosa. MIC
of that antibiotic in mixture with EO against
S. aureus ATCC 6538, S. aureus M-177 and
P. aeruginosa 1662339 decreased by several
times compared with those for the not-mixed
antibiotic (Table 3).

Synergistic antimicrobial activity against S.
aureus strains was also observed for a mixture
of ajowan caraway EO with ciprofloxacin and
amoxicillin, as well as with amoxicillin against
P. aeruginosa [8]. In that study, the FIC index
did not exceed 0.5 (Table 3).

The synergistic effect of coriander EO and
antibiotics chloramphenicol, ciprofloxacin,
gentamicin was established against the
nosocomial isolates of Gram-negative
Acinetobacter baumannii bacteria, resistant
to a wide range of antibiotics [10]. This
conclusion is based on the determination of
FIC, which was less than 0.5 (Table 3).

Table 2. Effect of complex of peppermint and cumin essential oils, and ciprofloxacin on several strains
of Klebsiella pneumoniae [19]

Bssentialol |, Strainsof | MICof ciprofloxacin, | MIC of essential | iproflonacin in
’ mixture, pg/ml
KP1 16 4 8
KP3 16 4 8
Peppermint KP5 32 4 16
KP7 64 4 32
KP8 16 4 8
KP1 16 4 4
KP3 16 0.25 8
Cumin KP5 32 4 8
KP7 64 1 8
KP8 16 4 4
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Scientists from Thailand [25] have shown
that using tetracycline in combination with
ginger EO has a high antimicrobial effect on
A. baumannii bacteria, resistant to a broad
spectrum of antibiotics. For example, using
individual preparations of tetracycline or
ginger EO at aconcentration of 7mg/ml growth
resulted in 25 and 14 mm inhibition zone of

A. baumannii, respectively. If test substances
of the same concentrations were mixed in a 1:
1 ratio, the growth inhibition zone increased
to 46.5 mm. It should be noted that this is the
first work in which the possibility has been
established of using ginger EO in medical
practice to control multi-resistant strains of
microorganisms.

Table 3. Antibacterial activity of mixture of essential oils and antibiotics against representatives
of the genera Staphylococcus, Pseudomonas and Acinetobacter

MIC of MIC of MIC of components in
: 0 o mixture, ml i
Essepltlal Antibiotic Test culture essential | antibiotic, - gg/ Refe
o1 oil, png/ml | pg/ml | essential | anti- | oo rences
oil biotic
S taphylococcus 25 0.125 25 |0.031] 0.75
Staphylococcus 12.5 0.5 6.25 |0.125| 0.62
Tea tree Cloxacillin [17]
Staphylococcus 12.5 0.5 6.25 |0.125| 0.62
Staphyloceccus 12.5 0.5 6.25 |0.125| 0.62
Staphylococeus | 1024 4 32 |0.125|0.062
. . Staphylococcus
Basil Imipenem aureus M-177 1024 4 32 0.12510.062 7]
Pseudomonas
aeruginosa 1662339 1024 4 32 0.125 | 0.062
Amoxicillin Staphylococcus 800 - - 0.36
Ajowan | Ciprofloxacin | aureus MRSA 37 800 4 - - | 0.35
caraway Pseudomonas [8]
Ciprofloxacin aeruginosa ATCC 1600 4 - - 0.37
27853
Acinetobacter 0.1%
baumannii LMG (\.//v; 32 - - ]0.312
Chloramphe- 1025
nicol Acinetobacter 0.4%
baumannii LMG =70 64 - - 0.047
1041 v/v)
Acinetobacter 0.1%
baumannii LMG (“,/V; 0.125 - - |0.281
Coryian- ; . 1025
d Ciprofloxacin [10]
er Acinetobacter 0.4%
baumannii LMG AN 0.25 - - 0.375
1041 v/v)
Acinetobacter 0.1%
Gentamicin baumannii LMG AN 0.25 - - 10.250
1025 v/v)
Acinetobacter o
baumannii LMG 0.4% 8 - - 0.375
1041 (v/v)

Note: «<—» data not presented.
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In [26], the authors established the
synergistic antimicrobial activity of a complex
of cumin EO and ciprofloxacin against the main
agents of respiratory diseases (pneumonia,
sinusitis, meningitis, etc.), ciprofloxacin-
resistant strains of Streptococcus pneumoniae,
as evidenced by FIC values lower than 0.5
(Table 4).

Therefore, the use of antibiotics in
combination with essential oils is effective
to increase antibacterial activity against
pathogenic strains of the genera Staphylo-
coccus, Pseudomonas and Acinetobacter.

Effect of mixture of essential oils
and fluconazole on yeasts
of the genus Candida

There are reports [20—-23] about
significantly reduced MIC of synthetic
antifungal preparation fluconazole in presence
of various essential oils.

In [20] it was determined that MIC of
fluconazole, linalool and gerandiol (two main
components of basil EO) against fluconazole-
resistant yeast Candida albicans were 500,
1580 and 152 pg/ml, respectively. Adding
linalool and gerandiol to fluconazole caused
significant reduction of MIC of all components
(Table 5).

Interestingly, MIC were reduced in
mixtures of EO with antibiotic, and in
mixtures of linalool and gerandiol.

Scientists from Brazil [21] found the
synergistic antimicrobial activity of guava
EO and fluconazole against representatives
of the genus Candida, and the antimicrobial
activity of EO depended on the season
of the year. Thus, minimum fungicidal
concentration (MFC) of fluconazole against
C. albicans INCQS 40006 was 8.192 ng/ml.
Adding EO extracted from guava in
February to fluconazole (1: 1) reduced MFC
to 1.024 png/ml, while adding EO obtained in

August only halved it. Similar results were
obtained for C. krusei INCQS 40095: MFC of
fluconazole was > 16.384 pg/ml and decreased
twofold in combination with EO obtained
in August, and was reduced to 1.024 ng/ml
using EO collected in May. It should be noted
that in that work the authors did not try to
find out the reasons for the dependence of the
antimicrobial activity of oil on the season.

Morais-Braga et al. [22] have also
investigated the synergistic interaction of
fluconazole and guava EO. In studies, they
used EO of two different varieties of guava:
Psidium guajava and Psidium brownianum.
Antimicrobial activity was assessed by ICj,
concentration of substance (ng/ml), which
causes the death of 50% of cells. C. albicans
INCQS 40006, C. albicans LM 77, C. tropicalis
INCQS 40042 and C. tropicalis LM 23 were used
as test cultures (Table 6).

The data in Table 6 show that the ICj;,
determined for the mixture of antifungal
preparation and the studied guava EO was
significantly lower than IC;, of fluconazole,
which indicates their synergistic effect.

The antifungal effect of fluconazole and
peppermint EO on fluconazole-resistant yeast
of the genus Candida was investigated in [23].
It was found that MIC of each component
individually were several times higher than
their MIC in the mixture (Table 7). The FIC
index did not exceed 0.5, which indicates
the synergism of antimicrobial activity of
antifungal preparation and essential oil.

Thus, the few available reports on the
synergism of the antimicrobial activity of
a mixture of essential oils with antibiotics
and synthetic antifungal drugs (such as
fluconazole) indicate the possibility of
reducing the concentration of antibiotics
for the treatment of various infectious
diseases without inducing resistance in the
pathogens.

Table 4. Synergistic activity of complex of cumin essential oil and ciprofloxacin against strains of
Streptococcus pneumoniae [26]

Streptococcus pneumoniae strain MIC of essential oil, ng/ml | MIC of ciprofloxacin, pg/ml FIC
1 0.625 5 0.37
2 1.25 5 0.14
3 2.5 10 0.14
4 1.25 10 0.22
5 1.25 5 0.37
6 0.625 2.5 0.37
7 0.625 5 0.37

10
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Table 5. Antifungal activity of fluconazole, linalool and gerandiol against Candida albicans [20]

Antimicrobial substance MIC in mixture, pg/ml FIC
Linalool 197
0.134%
Fluconazole 2.02
Gerandiol 38

0.252%*
Fluconazole 1.04
Linalool 397

0.284 %%
Gerandiol 4.8

Note: * — FIC of mixture of linalool and fluconazole; ** — FIC of mixture of gerandiol and fluconazole;
%% _ FIC of mixture of linalool and gerandiol.

Table 6. Antimicrobial activity of mixture of fluconazole and guava essential oils against yeasts
of the genus Candida [22]

Antimicrobial substance Test culture IC5( (ng/ml)
Candida albicans INCQS 40006 19.22
Candida albicans LM 77 32.41

Fluconazole

Candida tropicalis INCQS 40042 68.10
Candida tropicalis LM 23 41.11
Candida albicans INCQS 40006 8.77
Fluconazole and EO of Candida albicans LM 77 3.82
Psidium guajava Candida tropicalis INCQS 40042 15.24
Candida tropicalis LM 23 12.68
Candida albicans INCQS 40006 8.30
Fluconazole and EO of Candida albicans LM 77 3.78
Psidium brownianum Candida tropicalis INCQS 40042 3.10
Candida tropicalis LM 23 10.20

Table 7. Synergistic antifungal activity of peppermint essential oil and fluconazole on yeasts
of the genus Candida [23]

MIC of MIC of MIC of components in mixture
Test culture essential oil, fluconazole, ] FIC
ng/ml ng/ml oil, mg/ml | fluconazole, ng/ml
C. albicans ATCC
10231 2.28 1.0 0.91 0.06 0.46
C. glabrata ATCC
15126 1.14 16.0 0.46 0.1 0.47
C. krusei ATCC 6258 4.54 16.0 1.82 1.0 0.46
C. kefyr ATCC 204093 4.54 2.28 1.82 0.25 0.46

11
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Antimicrobial activity of mixture
of surfactants and essential oils

It should be noted that the information
is extremely limited on the synergism of the
antimicrobial activity of EO with microbial
surfactants. In 2014, Haba et al. [27] found
that rhamnolipids synthesized by P. aeru-
ginosa 47T2 in an emulsion with EO of tea
tree, lavender, oregano and cinnamon show
an antimicrobial effect against S. aureus
ATCC 43300 and C. albicans ATCC 10231.
Thus, emultion of water: rhamnolipids: tea
tree EO in ratio (%) 71.8: 2.8: 25.83 inhibited
the growth of methicillin-resistant strain
S. aureus ATCC 43300. The growth inhibition
zone was 15.2 mm, while under the effect of
essential oil or rhamnolipids separately, it
was 11 and 9 mm, respectively. More effective
antimicrobial agents were emulsions (%) of
water: rhamnolipids: oregano EO (72.2: 11.1:
16.7) and water: rhamnolipids: cinnamon
EO (80.9: 1.9: 17.1): the inhibition zones for
C. albicans ATCC 10231 were 39.3 and
36.0 mm, respectively. Interestingly,
rhamnolipids at a concentration of 1.9%
(effective concentration of rhamnolids in the
composition of an emulsion with cinnamon
EO) did not inhibit the growth of C. albicans
ATCC 10231 at all. The authors note that
rhamnolipids are effective emulsifying agents
that, by dispersing essential oils, increase their
antimicrobial activity.

Our own studies [28] have shown that,
with the simultaneous introduction of
emulsions based on tea tree oil (12.5 pl/ml)
and surfactant (0.43 mg/ml) to the suspension
of test cultures of C. albicans D-6, Aspergillus
niger P-3, and S. aureus BMS-1 (104-105
cells/ml), the number of living cells after
15 min of exposure was 0.7% to 66% lower
than if the microbial suspension were treated
with oil preparations without surfactants.

In the following studies, we established a
synergism of the antimicrobial activity of tea
tree EO and surfactants of Nocardia vaccinii
IMV B-7405 against Pseudomonas sp. MI-2,
S. aureus BMS-1, E. coli IEM-1 and B. subtilis
BT-2. MIC of essential oil in the test cultures
were 625—-156 pg/ml, and in the presence of
surfactants they decreased by 2 to 260 times.
MIC of the mixtures of EO and surfactant were
three orders of magnitude lower against S.
aureus BMS-1 and B. subtilis BT-2 than MIC
established for essential oil only.

Further experiments showed that
surfactants of N. vaccinii IMV B-7405
exhibited a synergistic effect when mixed with
cinnamon and lemongrass EO. Thus, MIC of EO

12

against C. albicans D-6, C. tropicalis PE-2 and
C. utilis BMS-65 were in the range of 312-156
png/ml, and if EO were added to the surfactant
solution, their MIC decreased to 9.7—39 ng/ml.

Therefore, our own studies are among
the first few to demonstrate the synergistic
antimicrobial activity of essential oils with
microbial surfactants.

The role of mixture of essential oils with
other preparations in degradation of bio-
films

In addition to antimicrobial activity,
essential oils have the ability to degrade biofilms
[29—-31]. The mechanism of biofilm degradation
under the activity of EO is associated with
the presence of phenolic terpenoids (thymol,
carvacrol) in their composition. The terpenoids
can penetrate the polysaccharide matrix
and cause antimicrobial action. Due to their
hydrophobic nature, EO interact with the
bilipid layer of the cytoplasmic membrane,
causing it to lose integrity and hence impairing
its function [32, 33].

The need of new compounds capable of
destroying biofilms is primarily due to the
fact that microorganisms in the biofilm have
increased resistance to known biocides and
rapidly acquire that resistance [33—36].

The available literature on the use
of a mixture of essential oils with other
antimicrobial compounds for the degradation
of biofilms relates mainly to the complex of EO
with antibiotics [34, 36, 37] or fluconazole [35].

Thus, in [33] it was found that using
mixture of certain components of EO with
streptomycin increased the degradation of
the biofilms of Salmonella typhimurium
SL1344 and Listeria monocytogenes CMCC
54004. The authors used cinnamaldehyde,
eugenol, and thymol as EO components of
cinnamon, clove and thyme, respectively. For
example, applying a mixture of streptomycin
with cinnamaldehyde (32 png/ml) caused 56%
degradation of the S. typhimurium CMCC
54004 biofilm, and at a higher concentration
of the components in the mixture (128 ng/ml),
85% degradation of S. typhimurium SL1344
biofilm. It should be noted that the degree of
biofilm degradation for the strains SL1344
and CMCC 54004 treated with streptomycin
alone at concentrations of 1 and 2 pg/ml,
respectively, did not exceed 20% .

Budzyn'ska et al. [34] showed that
treatment with mupirocin (32 ng/ml) caused
14% degradation of the combined biofilm
of C. albicans ATCC 10231 and S. aureus
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NCTC 8325-4, and with the addition of clove
EO at the same concentration (1:1 ratio) it
increased to 58.06% . The authors in the same
work investigated the degree of the biofilm
degradation in the presence of a mixture of
clove oil with fluconazole. If only antifungal
drug (64 pg/ml) were used, the observed
degradation of the combined biofilm was
only by 6.05% . Adding clove EO in the same
concentration was accompanied by an increase
in the degree of degradation to 61.11%.

In [35], it was found that thymol, eugenol
and carvacrol (the main antimicrobial
components of cumin EO) exhibited synergistic
effects with tetracycline against pathogens
of oral cavity diseases. The authors showed
that the S. aureus B193 biofilm was degraded
by 50% with tetracycline at a concentration
of 12 pg/ml and eugenol, carvacol and
thymol at 250, 79 and 85 ng/ml, respectively.
Mixing tetracycline with these antimicrobial
compounds (at a concentration twice their
MIC) caused the same degree of biofilm
degradation at a much lower concentration
(6 ng/ml for eugenol and carvacol, 9 ug/ml for
thymol). Similar results were observed for the
degradation of biofilm for other representatives
of the genus Staphylococcus (Table 8).

Indian scientists have found that
p-coumaric acid (a major component of black
cumin EO) has synergistic activity with nisin
in the degradation of biofilms of the major
food pathogens Bacillus cereus MTCC 1272 and
S. typhimurium MTCC 3224 [36]. Thus, nisin
at a concentration of 0.013 mg/ml destroyed
the biofilm of B. cereus MTCC 1272 by 23—
27% , and that of S. typhimurium MTCC 3224
by 12-15% at a higher concentration
(0.208 mg/ml). When p-coumaric acid
(0.041 mg/ml) was added, the biofilm

degradation of strain MTCC 1272 increased to
90% . The same degree of biofilm degradation
of strain MTCC 3224 was achieved by
introducing p-coumaric acid at a higher
concentration (0.104 mg/ml).

In the same work [36], the authors
established a synergistic effect of linalool
(a major component of coriander EO) and
nisin in the degradation of the biofilms of
B. cereus MTCC 1272 and S. typhimurium
MTCC 3224. When linalool was added to
the nisin, the degradation of these biofilms
increased 3—4 times (up to 65—80% ) compared
to the antibiotic alone.

Nuryastuti et al. [37] showed that
cinnamon EO at a concentration of 2% (v/v)in
24 h completely degraded biofilms of various
Staphylococcus epidermidis strains that
colonize medical equipment and apparatus.

Farisa Banu et al. [38] established a
synergistic effect of cinnamon oil with the
enzyme preparation of deoxyribonuclease I
(DNAase I). In the presence of only cinnamon
oil at a concentration of 5% (v/v), the degree
of degradation of the P. aeruginosa PAO1
biofilm was 50%, and using a mixture of oil
and DNAase I increased it to 72%.

Our studies have shown that in addition
to synergistic antimicrobial action, a mixture
of N. vaccinii IMV B-7405 surfactants with
essential oils of cinnamon and lemongrass was
effective for the degradation of yeast biofilms.
The highest degree (43—-60% ) of degradation of
C. albicans D-6, C. tropicalis PE-2 and C. utilis
BMS-65 biofilms was observed by the activity
of microbial surfactants and essential oils of
cinnamon and lemongrass at a concentration of
300 png/ml. The use of a mixture of surfactants
and EO in a ratio of 1: 1 was accompanied by an
increase in the degree of biofilms degradation

Table 8. Degradation of biofilms of Staphylococcus treated with eugenol, carvacrol,
thymol and tetracycline [35]

Concentration (ng/ml) of 50% biofilm degradation
Test culture TET* + TET + TET +
Tetracye- | pugenol | “IVA" | Thymol | +1/2MIC | +1/2MIC | +1/2 MIC
ine crol
eugenol carvacrol thymol
S. aureus B147 25 630 298 279 11 13 20
S. aureus B285 11 300 247 260 4 8 7
S. mutants B200 36 188 86 143 9 14 24
S. constelatus B629 79 250 98 201 34 51 47

Note: TET — tetracycline; 1/2 MIC — concentration of compound, twice lower than its MIC.
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to 70% . In the available literature we found
no information about the ability of EO in a
mixture with microbial surfactants to increase
the degree of destruction of biofilms.

The above results indicate that EO are
multifunctional substances that, when used
with other compounds (antibiotics, synthetic
antifungal agents, surfactants of microbial
origin), exhibit synergistic antimicrobial
activity and can be effective agents in the fight
against biofilms.

Prospects for the practical
use of the complex of essential oils
with other antimicrobial compounds

Due to their antimicrobial activity, EO are
now widely used in medicine (as components
of medical preparations), in the food industry
(preservation of products), aromatherapy
and cosmetology (as parts of body and hair
care products, antiseptic oral solutions and
toothpastes, perfumes), and agriculture [39—
41]. Hereafter we consider the potential uses
for complexes of EO with other antimicrobials.

Food industry. The development of
pathogenic microbiota on food leads to food
poisoning, often with fatal cases. According
to the Ministry of Health of Ukraine, the
number of food poisonings in the territory of
Ukraine amounted to 173 835 cases over the
last five years, of which 669 cases were lethal
[http://moz.gov.ua/]. Using a complex of EO
with antibiotics in the food industry would
allow to prevent and stop the development
of pathogenic microbiota on products and to
minimize the amount of food poisoning.

In [42], the authors established the
synergistic antimicrobial activity of essential
oil of Mentha longifolia and nisin on Bacillus
cereus and Bacillus subtilis, which are among
the major food pathogens. A mixture of EO
and antibiotics (at concentrations equal to
their MIC values) was added to barley broth,
in which test cultures were grown for 18 h at
30 °C. The exposure was 15 days at 8 °C and
25 °C. Complete destruction of B. cereus and
B. subtilis cells was observed in the broth at
8 °C on the 15th and at 25 °C on the 12%* and 3™
days, respectively.

Bajpai et al. [43] showed that a mixture
of Metasequoia EO (1-2% v/v) and nisin
(0.062—-0.5 mg/ml) had an antimicrobial effect
on Listeria monocytogenes ATCC 19116 in
cow milk with varying fat content (1%, 8%
and fat free). Irrespective of fat content in
milk, complete inhibition of growth of ATCC
19116 strain was observed at a concentration
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of 1% oil and 0.5 mg/ml nisin after 14 days.
Increasing the EO concentration to 2%,
allowed to inhibit pathogen’s growth in the test
culture at a lower (0.062 mg/ml) concentration
of nisin in the mixture.

Veterinary medicine. There are severe
infectious animal diseases caused by the
development of opportunistic microorganisms,
which significantly reduce the populations of
farm animals [44—4T7]. The use of a complex
of antibiotics with EO makes it possible
to prevent and reduce the development of
infectious diseases.

Among the most serious problems of
farming are the respiratory diseases of cattle,
in particular calves, caused by the development
of opportunistic bacteria Mannheimia
haemolytica and Pasteurella multocida [44].
When ingested, these bacteria cause lung
necrosis and ulcers of the trachea and larynx.

Altough antibiotics doxycycline and
tilmicocin are actively used to control
M. haemolytica and P. multocida, over time,
their antimicrobial activity is reduced, because
of the development of resistance in pathogens.
In [44], it was found that MIC of doxycycline
and thymicocin decreased by several times
when using a mixture of antibiotics with
thymol and carvacrol. In most cases FIC
did not exceed 0.5, indicating synergism of
antimicrobial activity (Table 9).

The pig farms suffer a constant increase
in the economic losses through the dying of
pigs caused by the epidermitic infections of
Staphylococcus hyicus and S. aureus, resistant
to B-lactam antibiotics [45, 46]. The authors of
[45] suggest using the essential oils of cinnamon,
cumin and thyme as an alternative to antibiotics.
It was found that in the presence of 0.078%
cinnamon EO (v/v), the degradation of S. hyicus
84-2978 biofilm reached 90%, and at the same
concentration of cumin EO the degradation of
S. aureus biofilm ATSC 25923 was 64% .

One of the largest pests of fisheries is the
bacteria Aeromonas spp. Hence, de Souza et al.
[47] investigated the synergistic antimicrobial
activity of lemon verbena and bushy lippia EO
with florfenicol.

It was found that the MIC of lemon verbena
and bushy lippia was 390.6 png/ml and MIC of
florfenicol was 1.95 ng/ml against Aeromonas
spp. Using a 1: 1 mixture of EO with flor-
fenicol, this ratio was reduced to 97.6 ng/ml
for EO and 0.06 ng/ml for antibiotics.

Thus, these few reports indicate the
effectiveness of using EO in complex with
antibiotic nisin in the food industry and with
other antibiotics in veterinary medicine.
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Table 9. Antibacterial activity of mixture of essential oil components with antibiotics against pathogens
of infectious respiratory diseases of calves [44]

EO component Test culture MIC of EO Antibiotic MIC of antibiotic, FIC
component, mM ng/ml
Mannheimia 15 Doxyeyclin 0.125 0.125
haemolytica ' Tilmicosin 4.0 0.5
Carvacrol :
Pasteurella 9 Doxycyeclin 0.25 0.25
multocida Tilmicosin 1.0 0.5
Mannheimia 0.695 Doxycyclin 0.125 0.5
haemolytica Tilmicosin 4.0 0.75
Thymol :
Pasteurella 1.95 Doxycyeclin 0.25 0.5
multocida Tilmicosin 1.0 0.5

Thus, in this review it was shown that studies
of the synergistic activity of essential oils with
other antimicrobial compounds are a relatively
new trend that has been actively developing
over the last decade. The largest number of
publications concerns synergism of antimicrobial
activity of essential oils with antibiotics, due
to the increasing number of microorganisms,
resistant to these preparations. However,
essential oils as antimicrobial agents have high
minimum inhibitory concentrations and that
presents a problem. If, though, essential oils are
used in a complex with antibiotics with, there
is a decrease in the MIC indices of each of the
antimicrobial compounds, and the probability
of antibiotic-resistant forms of pathogenic
microorganisms is also lower.

In addition to the synergism of
antimicrobial activity, a mixture of essential
oils with antibiotics or synthetic preparations
has a synergistic effect on the destruction of
yeast and bacterial biofilms.
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B ornani maBememo mami giteparypu i pe-
3yJILTATU BJIACHUX JOCJIiIKEeHb CTOCOBHO CHUHED-
risMmy aHTUMiKpoOHOI aKTuBHOCTiI e(dipHUX
oJyiti 3 amTHUbGioTHKaMu mIon0 OakKTepiit pogu-
Hu Enterobacteriaceae, ponis Staphylococcus,
Pseudomonas, Acinetobacter, CHHTETUUHUM aHTU-
(QpyHTAJIBHUM IIpenapaToM (hJIyKOHa30J0M — II[0I0
npixxmkiB pony Candida, moBepxHeBO-aKTUBHUIMU
pPeYoBMHAMY MiKPOOHOTO MOXOIKEHHS — IIOJ0
OaxkTepiaJbHUX i APIKIKOBUX TECT-KYJIBTYD, a
TaKOXK IIPO CUHEPIriuHy Ailo KoMILIeKCcy edipHUX
OJIi#i 3 aHTUMiIKpOOHUMU cHoJayKamu (aHTubOio-
TUKW, €eH3UMHU, TOBEPXHEBO-aKTUBHI PEUOBUHU)
Ha OiomaiBku. Bukopucranua cymimi epipamx
oJIi#i 3 iHIMMMMU GiouAaMu Jae 3MOTY 3MEHIIIUTH Y
KinbKa pasiB MiHiMasbHI iHTiOyI0Ui KOHIIEeHTpAILil
KOXKHOTO 3 KOMIIOHEHTiB OKPEMO, a TAKOXK 3HU3U-
T UMOBIpHIiCTh MOABU PE3UCTEHTHUX O aHTU-
0ioTuKiB (popM ImaToreHHUX OAKTEepiil i ApiKIKiB
3aBIAKU aHTUMiKpoOHil mii edpipHUX oJiit, mI0
BUSBJISIETHCA ¥ MOPYIIeHH]I QYHKIIIT maasmMaTuy-
HOI MeMOpaHU MiKpooprauiamis. OGroBOpIOIOTHCA
TIEePCHEeKTUBYU IPAKTUYHOTO BUKOPUCTAHHA KOMII-
Jekcy eipHUX 0JIill 3 aHTUOIOTUKOM HidWHOM Yy
XapuoBill IPOMMCJIOBOCTI Ta iHIMUMU aHTUOIOTH-
KaMu — y BeTepuHapii.

Knwuosi crosa: ediphi omii, aHTuMiKpoOHi cI10-
JYKH, CHHEPri3M aHTUMiKpOOHOI miil, JecTpyKIis
OiomaiBoOK.

CUHEPTHYECKOE JTENCTBUE
HA MUKPOOPT'AHHU3SMbI KOMIIJIERCA
IPUPHBIX MACEJI C IPYTUMU
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B o630pe mpecTaBIeHbI JaHHBIE IUTEPATYPHI 1
pesyabTaThl COOCTBEHHBIX MCCJIEIOBAHUNA O CUHEP-
ru3Me aHTUMUKPOOHOM aKTUBHOCTHU 3(DUPHBIX MACEJT
C aHTUOMOTUKAMMU II0 OTHOIIIEHUIO K OaKTepUusiM ce-
metictBa Enterobacteriaceae, pogos Staphylococcus,
Pseudomonas, Acinetobacter, CAHTETUUYECKIIM aHTH-
(yHTaIbLHBIM TIpemapaToM (GJIyKOHA30JI0M — IO
OTHOIIIEHUIO K Aposkikam poxa Candida, mmoBepx-
HOCTHO-aKTUBHBIMHU BeII[ECTBAMU MUKPOOHOTO IIPO-
UCXOXKAEHUS — II0 OTHOIIIEHUIO K 0aKTepuaTbHBIM
¥ IPOKIKEBBIM TECT-KYJIbTypaM, a TaKyKe O CHHep-
TUYECKOM JIeHICTBUU KOMILIeKca d3(hUPHBIX MaceI ¢
AQHTUMUKPOOHBIMY COeIMHEHUAMU (aHTUOMOTUKU,
SH3WMBI, TOBEPXHOCTHO-aKTUBHbBIE BEIEeCTBA) Ha
ouorrenKu. Vcmoab3oBanue cMecu 3(pUPHBIX Ma-
ceJl ¢ IPYTUMU OMOIUAAMY ITO3BOJISIET YMEHBIITUTD
B HECKOJIBKO Pa3 MUHUMAaJILHbIe MHTHUOUPYIOIIe
KOHIIEHTPAIINY KaKI0T0 13 KOMIIOHEHTOB B OT/IEJIb-
HOCTHU, a TaKiKe CHUSUTh BEPOATHOCTH ITOSIBIEHUSI
PESUCTEHTHBIX K aHTUOMOTHKAM (DOPM ITATOTE€HHBIX
OakTepuil U APOKKel Oarogaps aHTUMUKPOOHOMY
IefcTBUIO 93()MPHBIX Maces, COCTOSIIEeMY B HapyIIe-
HUUT PYHKIIAY I1JIa3MaTUYECKOH MeMOpaHbl MUKPO-
opraau3MoB. O0CY:KIAI0TCs TEPCIEK TUBEI ITPAKTIYE-
CKOT'0 MICITOJIb30BaHUA KOMILIEKCA 3(PUPHBIX Macel ¢
AHTHUOMOTHUKOM HUSWHOM B ITUITIEBOI ITPOMBITILIIEHHO-
CTU U IPYTUMU aHTUOMOTUKAMY — B BeTePUHAPHUU.

Kniwouessle cnosa: spupHbIe Macia, aHTUMAKPOO-
Hble COeJUHEHUSA, CUHEPru3M aHTUMHUKPOOHOTO
IecTBUA, NeCTPYKIINUA OMOIIIEHOK.
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